ABSTRACT: Outer membrane β-barrel proteins spontaneously fold into lipid bilayers with rates of folding that are strongly influenced by the physical properties of the membrane. We show that folding is accelerated when the bilayer is at the phase transition temperature, because of the coexistence of lipid phase domains and the high degree of defects present at domain boundaries. These results are consistent with previous observations of faster folding into thin and highly curved membranes, which also contain a higher prevalence of defects. The importance of defects in β-barrel folding provides insight into the intrinsic folding process and the biological assembly pathway.
T ransmembrane β-barrel proteins are found in the outer membranes of Gram-negative bacteria, mitochondria, and chloroplasts and are therefore termed outer membrane proteins, or OMPs. 1 These proteins are important for a variety of functions, such as transport of small molecules and proteins, outer membrane maintenance, bacterial virulence, and antibiotic resistance. 1−4 With their myriad of functions and connections to disease, understanding the folding pathway for β-barrel membrane proteins is of significant interest.
In a living cell, OMP folding is facilitated by soluble chaperone proteins 5 as well as the β-barrel assembly machinery (BAM), located in the outer membrane. 6 The BAM complex is built around the protein BamA, which is itself an OMP. Despite the recently determined BamA structures, 7, 8 the mechanistic details of how the BAM complex facilitates client OMP incorporation into bacterial outer membranes have not been established. 7, 8 In vitro, OMPs are capable of spontaneously folding and inserting into lipid bilayers in the absence of other protein factors, which demonstrates the existence of an intrinsic folding mechanism dictated by the amino acid sequence of the protein.
The physical properties of the membrane strongly influence both the rate and the efficiency of OMP folding. Bilayer curvature, hydrophobic thickness, acyl chain saturation, and headgroup composition all affect OMP folding.
9−13 Such membrane modulation of OMP folding rates is biologically relevant, and it was recently suggested that the high kinetic barrier to bacterial OMP folding in the presence of phosphoethanolamine headgroups allows the cell to spatially and temporally control OMP folding. 13 One role of the BAM complex is to overcome this kinetic barrier and facilitate OMP folding into the proper membrane. 13 It should do so by exploiting those physical properties of the membrane that accelerate OMP folding rates. In vitro folding experiments have shown that OMPs fold faster into membranes with high curvature, such as small unilamellar vesicles (SUVs). Early work revealed that the Escherichia coli β-barrel OmpA could spontaneously fold into SUVs composed of the lipids dimyristoylphosphatidylcholine (diC 14 PC) or dioleoylphosphatidylcholine (diC 18:1 PC). 9, 10, 14 However, under otherwise identical conditions, the level of OMP folding was greatly reduced using lower-curvature large unilamellar vesicles (LUVs) of the same lipids. 11 Similar results have been demonstrated for many other OMPs. 12 The higher folding efficiency in SUVs was attributed to the fact that the strained bilayers of SUVs have a greater prevalence of defects than lower-curvature membranes in LUV geometries. 1, 9 In addition, higher OMP folding efficiencies have been observed in the shorter chain lipids diC 10 PC, diC 11 PC, and diC 12 PC, which form membranes with hydrophobic widths thinner than those of longer chain lipids. 11, 12 Moreover, there was a strong correlation between bilayer thickness and apparent folding rate for all OMPs examined; folding was fastest in the thinnest diC 10 PC bilayers, slower in diC 11 PC bilayers, and even slower in diC 12 PC bilayers. 11, 12 The accelerated folding in thinner membranes was attributed to an increased prevalence of bilayer defects, consistent with data showing that thinner bilayers are more permeable to solutes 15 and with simulations that demonstrate that thinner bilayers have higher incidences of spontaneous pore formation. 16 To directly address the idea that membrane defects accelerate β-barrel OMP folding, we conducted folding experiments in LUVs of diC 14 PC at or near the phase transition temperature (T m ) of the lipid bilayer, the temperature at which the gel and fluid phases coexist and membranes are known to be more permeable and contain defects. 17−20 Because all other variables were held constant, this strategy allowed examination of the effect on folding caused by bilayer structural changes occurring during the phase transition.
We used differential scanning calorimetry to determine the T m for diC 14 PC under our experimental folding conditions and observed a sharp endothermic peak at 24°C ( Figure S1 of the Supporting Information), which is consistent with literature values. 21 We then examined the folding behavior of the wellstudied OMP, OmpA 171 (the N-terminal β-barrel domain of OmpA 22 ), in diC 14 PC at temperatures below the T m (20°C), at the T m (24°C), and slightly above the T m (25 and 26°C). Folding was monitored using the orthogonal methods of sodium dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−PAGE), which measures tertiary structure formation, and circular dichroism (CD) spectroscopy, which measures secondary structure formation. Figure 1 shows the folding kinetics measured by SDS−PAGE (see Materials and Methods and Figure S2 of the Supporting Information). Very little folding was detected in diC 14 PC LUVs at 20°C (red x), consistent with previous observations that OMPs do not fold into lipid bilayers in the gel phase. 9 The fastest folding was observed at 24°C (green triangles), with slightly slower folding at 25°C (pink diamonds) and substantially slower folding at 26°C (gold upside-down triangles). Therefore, we conclude that OmpA folding is fastest when the bilayer is at the T m and folding becomes slower at slightly higher temperatures, as the bilayer becomes uniformly fluid phase.
For comparison, we also measured the folding kinetics in the slightly thinner bilayers of diC 13 PC LUVs, the T m of which is 14°C, which results in fluid phase bilayers at 25°C. 23 The kinetics in diC 13 PC at 25°C (blue circles) were markedly slower than in diC 14 PC at 24 and 25°C. On the basis of the previously established trend of OMP folding being accelerated in thinner bilayers, 11 it would be expected that folding in diC 13 PC would be faster than in diC 14 PC. However, being at or just above the T m causes the acceleration of the kinetics in diC 14 PC, resulting in faster folding than in diC 13 PC. The kinetics in diC 14 PC at 26°C were slower than in diC 13 PC, indicating that in uniformly fluid phase bilayers, the kinetics follow the expected trend. Figure 2 shows the CD signal change at 216 nm during folding, which indicates β-sheet secondary structure formation (see Figure S3 of the Supporting Information for wavelength spectra). Consistent with the SDS−PAGE data, the kinetics were fastest in diC 14 PC at 24°C and slowest at 26°C. Folding in diC 13 PC at 25°C was also slower than in diC 14 PC at 24 and 25°C but slightly faster than in diC 14 PC at 26°C.
The SDS−PAGE and CD kinetic data exhibit multiphasic behavior, indicating a complex folding mechanism. A lag phase becomes apparent under the slower folding conditions; this typically indicates a multistep reaction. In addition, an intermediate conformation is populated in diC 14 PC at 24°C, as evidenced by the intensity of the CD signal decreasing to a more negative value before increasing to the final signal corresponding to the native amount of β-sheet structure. The other CD curves decrease directly to the final value, but this does not necessarily mean that the same intermediate is not populated under those conditions as well. It is likely that the accelerated kinetics at 24°C result in more rapid formation of the intermediate, allowing it to build up and influence the observed signal. At the higher temperatures and in diC 13 PC, the intermediate may be formed slowly enough that it is subsequently converted to the next conformation before it can build up enough to impact the CD signal. This slowed reaction step could also be inducing the lag phase in the SDS− PAGE data. Further investigation into the conformation of the proposed folding intermediate and the details of the OmpA β-barrel folding pathway will be reported in a separate manuscript.
We propose that the acceleration of OmpA β-barrel folding measured by SDS−PAGE and CD at the transition temperature for diC 14 PC is due to a higher incidence of bilayer defects occurring during the transformation between phases. Atomic force microscopy and Monte Carlo simulations have shown that at the T m there is extensive coexistence of separate domains of each lipid phase. 17−19 These domains have significantly different hydrophobic thicknesses, resulting in incompatibilities in molecular packing and hydrophobic matching, and therefore greater fluctuations and an increased incidence of defect and pore formation at domain interfaces. 17, 20 Experimental support for such behavior comes from the observations that lipid bilayers have the greatest permeability to small solutes 20 and exhibit ion conductivity at the phase transition temperature.
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A key aspect of OMP assembly is that the β-barrel must insert across the hydrophobic core of the bilayer. Our data demonstrate that OMPs utilize bilayer defects in their folding and insertion process; thus, the fastest folding will occur in the most defect-prone bilayers. In addition to advancing our understanding of the intrinsic OMP β-barrel folding pathway, these observations also have important implications for elucidating the biological process of OMP assembly and the role of folding factors in the cell. In fact, recent evidence has suggested that one function of the BAM complex is to create local defects in the membrane and thus facilitate OMP folding, 7 and our results support this proposal. 
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